Our intestinal microbiota serve many roles vital to the normal daily function of the human gastrointestinal tract. Many probiotics are derived from our intestinal bacteria, and have been shown to provide clinical benefit in a variety of gastrointestinal conditions. Current evidence indicates that probiotic effects are strain-specific, they do not act through the same mechanisms, and nor are all probiotics indicated for the same health conditions. However, they do share several common features in that they exert anti-inflammatory effects, they employ different strategies to antagonize competing microorganisms, and they induce cytoprotective changes in the host either through enhancement of barrier function, or through the upregulation of cytoprotective host proteins. In this review we focus on a few selected probiotics -a bacterial mixture (VSL#3), a Gram-negative probiotic (E. coli Nissle 1917), two Gram-positive probiotic bacteria (LGG, L. reuteri), and a yeast probiotic (S. boulardii) -for which sound clinical and mechanistic data is available. Safety of probiotic formulations is also discussed.
Introduction
Bacteria form an integral component of the normal daily function of the human body. Our bacteria outnumber our human cells by 10 to 1 [1] , and the number of bacteria in our gastrointestinal tract measures in the range of 10 12 in magnitude. These microorganisms play a key role in human metabolism and nutrition. They synthesize compounds such as vitamin K and B vitamins, they break down cholesterol, they produce short chain fatty acids such as butyrate, and digest dietary polysaccharides that would not otherwise be salvageable for energy use [2, 3] . They also contribute to host defense by priming the dendritic cells of the immune system [4] , and they inhibit the colonization of pathogenic bacteria through competition for binding sites along the intestinal epithelial cell surface, a phenomenon known as "colonization resistance" [5] . In addition, they produce bactericidal products, such as small molecular weight peptides called bacteriocins, that kill other pathogenic bacteria [6] . Bacteriocins produced by lactobacilli, for example, are able to kill common food-borne pathogens such as Listeria monocytogenes [7] , Bacillus cereus, Clostridium botulinum and Staphylococcus aureus [6] . Our commensal bacteria also provide defense by competing with pathogenic bacteria for nutrients. For the most part, we have developed a harmonious, symbiotic relationship with our commensal microbes: we provide them with food and a habitat, and in turn they play a key role in human metabolism and nutrition, and protect us from harmful pathogens (Fig. (1) ). Hence, it comes as no surprise that many probiotic bacteria used today were originally isolated from our expansive repertoire of human commensal bacteria.
The United Nations and World Health Organization define probiotics as "live microorganisms which, when administrated in adequate amounts, confer a health benefit on the host". To the average person, the quantity of probiotic bacteria now available on the market is daunting in number, and this number only continues to rise. Regrettably, many of the bacteria advertised as probiotics have never been evaluated for clinical efficacy. Since they are considered as food and food supplements instead of pharmacologic agents, probiotics are not regulated with the same standards as drugs, even though they are often marketed with the same health claims as many drugs. Several studies of marketed probiotics have found that the viability of organisms and the composition of the probiotic formulation are often not as advertised. For example, a study in Britain tested several probiotic supplements and found that the numbers of viable bacteria, and even the identity of the actual strains of bacteria, were not correctly indicated by the product labels [8] . Lack of consistency in terms of dose, species and strain used, origin of strain, delivery vehicle (pill, liquid, food, etc.), makes interpretation of the available data from clinical trials even more difficult. Indeed, because probiotics are not inert chemical compounds but are live organisms which (like all bacteria) possess the capacity to mutate/change their phenotypes, they present their own unique challenges for regulatory agencies and for researchers performing clinical trials on probiotics [9, 10] .
Recognizing this fact, in 2002 the United Nations FAO/WHO Working Group generated new guidelines for the development and evaluation of probiotics found in foods [11] . These guidelines included the following recommendations: (1) appropriate methods to identify genus and species of the probiotic strain, (2) in vitro tests to screen potential probiotic organisms as well as target-specific in vitro tests to correlate with in vivo results, (3) standards to ensure that a probiotic strain is safe and free of contamination, (4) In vivo studies using animals and humans (clinical trials) to test specific health claims of the probiotic in question, and (5) guidelines on how the probiotic should be labeled, including proper storage conditions and minimum viable numbers of organism at the end of the indicated shelf-life.
This review is not meant to be a comprehensive treatise on all probiotics, but rather will attempt to address some basic concepts of probiotics and to illustrate the fact that "not all probiotics are created equal". Current evidence indicates that probiotic effects are strain-specific, they do not act through the same mechanisms, and nor are all probiotics indicated for the same health conditions. We will focus on a few selected probiotics, of different species, for which clinical and mechanistic data is available. Other probiotic reviews may provide the reader with more information on the subject [12] [13] [14] .
Examples of Probiotics VSL#3: A Mixture of Different Gram-positive Bacteria
The probiotic VSL#3 is a mixture of 8 different species of bacteria, namely Streptococcus salivarius subsp. thermophilus, Lactobacillus casei, Lactobacillus plantarum, Lactobacillus acidophilus, Lactobacillus delbrueckii subsp. bulgaricus, Bifidobacteria longum, Bifidobacteria infantis, and Bifidobacteria breve. These bacteria are all Gram-positive bacteria and they were originally isolated from the stool of a healthy human volunteer [15] . The bacteria in VSL#3 survive well in the human gastrointestinal tract, being recoverable in stool as viable bacteria after ingestion [15] .
Clinical Evidence
VSL#3 has been shown to improve the clinical outcome of chronic intestinal inflammation in clinical trials. In a randomized, double-blinded, placebo-controlled trial of 40 patients suffering from at least 3 relapses per year of recurrent pouchitis, relapse occurred in only 15% (3/20) of the patients assigned to receive twice daily dosing of VSL#3 whereas those patients assigned to receive twice daily placebo all relapsed within four months [16] . Similar results were obtained in a subsequent study of once daily dosing of VSL#3 in patients with recurrent pouchitis. Out of 36 patients enrolled, remission was maintained after 12 months in 17 patients (85%) on VSL#3 and in one patient (6%) on placebo [17] . A standardized questionnaire was used as a scoring tool to determine quality of life assessment, and scores were much higher in the VSL#3 group as compared to placebo [17] . Another study examining the onset of acute pouchitis in the year following ileal pouch-anal anastomosis after colectomy in patients with ulcerative colitis suggested that VSL#3 may be helpful as prophylactic treatment in patients with pouchitis, in addition to its utility in maintenance therapy [18] .
In an open label trial to determine whether patients with active UC would benefit from VSL#3, patients with mild to moderate UC (n=34) were given the probiotic mixture for 6 weeks and then reassessed. Using intention to treat analysis, a remission rate of 53% was noted in the VSL#3 group, no response was seen in 9% and worsening of symptoms noted in 9%, with 5% failing to complete the final assessment [19] . An interesting component of this study was the determination of biopsy-associated bacteria using nucleic acid-based sequencing of 16S rRNA to test for the presence of VSL#3 species. The investigators were able to demonstrate that two of the bacteria found in VSL#3, S. salivarius subspecies thermophilus and B. infantis, were detectable in the biopsies of 3 of the patients in remission. Of interest, none of the other VSL#3 bacteria were detected, which led the authors to postulate that these two components of VSL#3 may therefore be the primary active ingredients of the bacterial mixture in vivo and led them to suggest that these strains may be of interest in future studies of probiotic treatment of UC.
Basic Science
In the laboratory, VSL#3 displays many interesting properties both in vitro and in vivo which may account for its clinical activities. VSL#3 attenuates intestinal inflammation in the IL-10 deficient mouse model of enterocolitis, resulting in a decrease in TNF-alpha secretion and an improvement in histologic scores. In addition, less epithelial hyperplasia, less mucosal ulceration, and decreased neutrophilic infiltration was observed in the VSL#3 group as compared to controls [20] . Barrier function was also assessed using mannitol flux assays and after 4 weeks of VSL#3 treatment, barrier function normalized in these mice. Using the T84 human intestinal epithelial cell line it was further shown that VSL#3 and products secreted by these bacteria enhanced intestinal epithelial barrier function in vitro, and pre-exposure of T84 monolayers to VSL#3 provided a dose-dependent decrease in cellular invasion by the pathogenic bacteria Salmonella enterica serovar Dublin. A subsequent study corroborated these findings and further found that VSL#3 upregulated the expression of several mucins which are postulated to play an important cytoprotective role in host defense against pathogens [21] .
Further work on VSL#3 showed this probiotic secreted products which inhibited the key proinflammatory transcription factor NF-kappaB, and inhibited degradation of IkappaB (an NFkappaB inhibitor), by blocking proteasome activity in intestinal epithelial cells [22] . In addition, products produced by VSL#3 induced the expression of heat shock proteins which protected cells against oxidant injury. Heat shock proteins were induced through activation of the transcription factor HSF-1 (Heat Shock Factor-1). Both the live VSL#3 bacteria and secreted bacterial factors were able to elicit heat shock protein induction in intestinal epithelial cells, in a dose-dependent manner [22] .
Two studies tested DNA isolated from VSL#3 bacteria for anti-inflammatory activity in two different models of experimental colitis [23, 24] . In the first study, Il-10 deficient mice were fed DNA from VSL#3 for 2 weeks and then their colons removed for analysis. The animals receiving VSL#3 DNA showed less histologic disease and a decrease in TNF-alpha as compared to controls [23] . In the second study, a DSS animal model of experimental colitis was used. Animals were pretreated with DNAse-treated, methylated or unmethylated DNA from VSL#3, or E. coli DNA for 10 days prior to DSS exposure and then colitis severity was assessed after 7 days of DSS treatment. It was found that the DSS-treated groups who received VSL#3 probiotic DNA -and the E. coli DNA -displayed less severe colitis than the groups that received DNAase-treated probiotic and methylated probiotic DNA. Further studies using TLR9-deficient mice led the authors to conclude that TLR9 signaling played an essential role in mediating these anti-inflammatory effects [24] .
Taken together, the data from all of these studies suggest that VSL#3 may act through several different mechanisms to protect the intestine against inflammatory injury and colitis. Given that VSL#3 is a complex bacterial mixture of multiple different types of bacteria, it is likely that different species within the mixture account for so many of these different mechanisms, and one would expect that many mechanisms of action for VSL#3 have yet to be elucidated.
E. Coli Nissle 1917: A Gram-negative Probiotic
E. coli Nissle 1917 is unusual as a probiotic because it is a Gram-negative bacillus, whereas most bacterial probiotics are Gram positive bacteria. It also has a very long and interesting history. First discovered in 1917, the microbiologist Alfred Nissle isolated this strain from the stool of a soldier in World War I who was relatively unaffected by an outbreak of Shigellosis [25] . Nissle characterized the strain of E. coli, and then marketed it for the treatment of infectious diarrhea long before the availability of conventional antibiotics. This strain has now been on the market for nearly 100 years for the treatment of diarrhea, and in Germany it is used as an acceptable alternative to mesalazine for maintaining remission of ulcerative colitis [26] .
Clinical Evidence
Several studies comparing E. coli Nissle to the gold standard mesalazine have shown equivalent efficacy of E. coli Nissle in maintaining remission of ulcerative colitis [26] [27] [28] [29] . In 1997, a double-blinded study of 120 patients with inactive ulcerative colitis were given either mesalazine or the probiotic E. coli Nissle for 12 weeks and then relapse rates, relapse-free times and global assessments were compared. Relapse rates of 11.3% were reported for mesalazine and 16.0% for E. coli Nissle, with a relapse-free time of 103 +/-4 days for mesalazine and 106 +/-5 days for E. coli Nissle 1917 . Global assessments and tolerability were similar for both groups [28] . Another clinical trial in the U.K. showed similar results, with E. coli Nissle being as effective as mesalazine in maintaining remission of ulcerative colitis [29] . A larger doubleblind clinical trial followed, with 327 UC patients in disease remission randomized to receive either mesalazine or E. coli Nissle for 12 months, and then assessed using endoscopic and histological activity indices. The relapse rate by "per protocol" analysis was 40/110 (36.4%) in the E. coli Nissle group and 38/112 (33.9%) in the mesalazine group (significant equivalence p = 0.003). Using "Intention to Treat" analysis, including all patients who did not strictly follow protocol but who took at least one dose of the study medication, a relapse rate of 45.1% was calculated for the Nissle group and 37.0% for the mesalazine group (significant equivalence p = 0.013). No serious adverse events were reported [27] .
Basic Science
Unlike the harmful strains of E. coli that cause human disease, the probiotic E. coli Nissle 1917 lacks many of the virulence factors normally found in its more pathogenic relatives. In addition, it possesses several "fitness factors" which confer a survival advantage over both pathogenic and non-pathogenic strains of E. coli [26] . Based on clinical trial data, clearly, E. coli Nissle must confer some anti-inflammatory and cytoprotective effects on the bowel mucosa, but the mechanisms by which this probiotic exerts it anti-inflammatory effects remain unclear. Several groups have shown that Nissle confers a protective effect in animal models of inflammatory colitis [30] [31] [32] . In an attempt to determine whether the protective effects of Nissle in inflammatory colitis were TLR-mediated, a DSS model of experimental colitis was used. Wildtype, TLR2-deficient and TLR4-deficient mice were fed Nissle or saline control, and then the animals were assessed for disease activity, mucosal damage, and cytokine secretion. E. coli Nissle improved colitis scores and decreased TNF-alpha and MCP-1 secretion in the wild-type mice but there was no improvement in DAI score, microscopic inflammation or in neutrophil recruitment (MPO activity) observed with the TLR-2 or TLR-4 knockout mice [31] , suggesting that the anti-inflammatory mechanism of E. coli Nissle 1917 may occur through TLR-2-and TLR-4-dependent pathways, presumably mediated through NF-kappaB. However, another study performed in the human intestinal epithelial cell line HCT15 showed that E. coli Nissle 1917 inhibited TNF-alpha-induced IL-8 production but did not affect NF-kappaB activation, nuclear translocation, or DNA binding [33] . Thus, the mechanism(s) by which Nissle exerts its anti-inflammatory effects still continues to be a subject of intense investigation.
Two other properties also likely contribute to E. coli Nissle's effectiveness as a probiotic organism. Like VSL#3, E. coli Nissle may enhance intestinal barrier function. In experiments measuring transepithelial resistance of infected T84 cells, E. coli Nissle protected T84 monolayers against barrier disruption by enteropathogenic E. coli (EPEC) infection [34] . Based on DNA microarray analysis, the authors concluded that the mechanism involved downregulation of PKCzeta activity (one of the protein kinase C isoforms important in epithelial barrier disruption), and modulation of tight junction protein expression, such as zonula occludin-2 (ZO-2) [34] . However, unlike VSL#3, this protective barrier effect was not seen with E. coli Nissle when monolayers were infected with the invasive pathogen Salmonella enterica serovar Dublin [21] , indicating that probiotics may not all possess the same protective capabilities against all intestinal pathogens.
Another group of investigators showed that E. coli Nissle upregulates human beta-defensin expression [35, 36] . Defensins are antimicrobial peptides produced by the gut which, as the name implies, protect and defend the host against bacterial pathogens. There is an association between IBD and low defensin levels [37] , therefore it is possible that Nissle provides protection through a defensin mechanism, for example by limiting the adherence of certain harmful populations of bacteria to the intestinal epithelial cell lining of the gut.
LGG and L. Reuteri: Gram-positive Probiotics
The next two probiotics that will be discussed (LGG, L. reuteri) are both Gram-positive bacilli of the Lactobacillus genus. Of all bacteria, Lactobacillus species are probably the most commonly used as probiotics. They are generally regarded as safe because of their long history of use in the food and dairy industry, which probably accounts for their popularity as probiotic choices. Interestingly, however, overall they comprise only a small portion of the natural intestinal microbiota [38] . As the name implies, they all produce lactate and lactic acid.
Lactobacillus Rhamnosus GG
Lactobacillus rhamnosus GG, or LGG was first discovered by Sherwood Gorbach and Barry Goldwin. In a search for good candidate probiotic organisms, bacteria were isolated from the stool specimens of healthy human volunteers and screened for their ability to survive bile and acid exposure; their adherent properties to epithelial cells were also tested [39] . Out of this screening process, LGG was first discovered. Subsequent studies were performed in which 76 volunteers were given LGG either in the form of a frozen concentrate of bacteria or a fermented milk preparation and then feces analyzed for the presence of viable LGG [40] . LGG was recovered from 87% of volunteers after four days of stopping the LGG and in 33% of volunteers one week after terminating the treatment, confirming the ability of LGG to survive in the human GI tract. Further tests on the viability of LGG, ingested in the form of gelatin capsules, have confirmed that Lactobacillus GG also survives well as a capsular formulation and can be recovered from the feces of humans after 3 days of daily ingestion of capsules containing 1.2 × 10 10 CFU of bacteria [41] .
Clinical Evidence
Several clinical trials have been performed using LGG for the treatment of diarrhea, and the organism has been used successfully in the treatment of acute diarrhea in pediatric populations [42] [43] [44] [45] .
LGG appears most effective against rotavirus diarrhea, resulting in a decrease both in duration and frequency of diarrhea in this group of patients [44, 46] . It is also effective in the treatment of nosocomial and antibiotic-associated diarrhea [47, 48] . A meta-analysis examining the use of probiotics for antibiotic-associated diarrhea included a total of 6 trials using LGG, which yielded a total combined number of 817 patients. The calculated weighted event rates were 8% for the LGG group and 27% for the control, resulting in an average NNT (number to treat) of six [49, 50] . In other words, to prevent one patient from developing antibioticassociated diarrhea, one would need to treat 6 patients receiving antibiotics with LGG. Results from another meta-analysis yielded similar results [51] . Therefore, most experts agree that LGG is one of the probiotics for which there is the most evidence of clinical efficacy, particularly for antibiotic-associated diarrhea and for rotavirus diarrhea in children [50, [52] [53] [54] .
Basic Science
LGG has been shown to produce antimicrobial substances which inhibit other intestinal bacteria such as Clostridium and other anaerobes, Pseudomonas, Salmonella and E. coli, as well as Staphylococcus and Streptococcus species [55] . However, based on the small molecular size and other properties, the authors concluded that rather than resembling a bacteriocin, the antimicrobial substance was more likely to be similar to the microcins produced by E. coli [55] . The antimicrobial from LGG showed no inhibitory effect on other lactobacilli.
LGG also enhances barrier function. In a study of children with mild to moderately active Crohn's disease, daily administration of LGG resulted in improved intestinal permeability as measured by a cellobiosemannitol sugar permeability test, with a maximal effect being seen after 12 weeks of probiotic treatment [56] . In animals, LGG also improves intestinal barrier function [57] . Two week old rats were gavaged with either cow's milk, milk plus LGG, or water and Ussing chambers were then used to assess intestinal permeability.
LGG was found to protect against the increased gut permeability induced by cow's milk in suckling rats. In vitro, LGG pre-treatment of epithelial cells results in protection of barrier function against the intestinal pathogen enterohemorrhagic Escherichia coli (EHEC) O157:H7 [58] . In this study, cells were pretreated with LGG, infected with E. coli O157:H7 and then examined using electron microscopy. Although not able to prevent cytoplasmic vacuolization, treatment with LGG protected cellular architecture, particularly tight junction disruption, caused by E. coli O157:H7. It was further noted that LGG pretreatment partially protected against E. coli O157:H7-induced loss of barrier function in human intestinal T84 cells grown in monolayers, as measured by transepithelial resistance (TER). Collectively, these human, in vivo, and in vitro studies provide evidence that LGG protects intestinal barrier function.
Other potential mechanisms that may contribute to the probiotic effects of LGG include the induction of cytoprotective heat shock proteins [59] . Small molecular weight compounds synthesized and released by LGG induce a time and concentration-dependent induction of cytoprotective heat shock proteins Hsp25 and Hsp72 in intestinal epithelial cells. In this study, pretreatment of cells with LGG factors (LGGCM) caused activation of the transcription factor Heat Shock Factor -1, upregulated Hsp72 expression and Hsp25 expression on microarray analysis and real-time PCR, and protected intestinal epithelial cells against oxidant injury. When siRNA was used to silence the expression of Hsp25 and Hsp72, it was found that Hsp72 (and not Hsp25) played the major role in protecting the intestinal epithelial cells against oxidant injury. This finding is in keeping with other published data, showing that Hsp72 stabilizes and prevents denaturation of cellular proteins, and protects intestinal epithelial cells against oxidant-induced damage [60] . Two proteins secreted by LGG have been described, p40 and p75, which also likely contribute to protecting intestinal epithelial cells against oxidant injury. These LGG-derived proteins were found to attenuate hydrogen-peroxide-induced oxidant injury of intestinal monolayers in vitro [61] . In addition, they play a role in inhibiting cytokineinduced apoptosis in human and mouse epithelial cells [62] .
Lactobacillus Reuteri
Lactobacillus reuteri was named after the German microbiologist Gerhard Reuter and was first recognized as a distinct species of the Lactobacillus genus in 1980. Studies indicate that each animal has a species-specific strain of L. reuteri which has presumably evolved to adapt to its particular host and L. reuteri is a ubiquitous colonizer of the intestine, having been isolated from the gastrointestinal tract of humans and of many animal species including pigs, rats, and even poultry [63] [64] [65] .
Clinical Evidence
Clinical trials indicate that, like LGG, L. reuteri may be useful for the treatment of acute diarrhea, particularly in children [52] . In one study, 40 children aged 6 to 36 months hospitalized with acute diarrhea were randomized to receive either human-origin L. reuteri or placebo for the length of hospitalization or up to 5 days. Analysis of the stool samples showed an increase of roughly 5 log of L. reuteri after 48 h in the L. reuteri group. The total amount of measurable lactobacilli also increased by 2 logs in the L. reuteri group after 48 h. Levels of total lactobacilli in feces were low in the placebo group, and L. reuteri was not detectable. L. reuteri decreased the duration of watery diarrhea as compared to the placebo-treated group, with watery diarrhea persisting in 26% of the L. reuteri group as compared to 81% in the control group by the second day [66] . Results from another study focused primarily on pediatric rotavirus gastroenteritis were similar, with a decrease in the duration of diarrhea noted in the L. reuteri group as compared to placebo [67] .
Basic Science
In an IL-10 deficient animal model of experimental colitis, L. reuteri colonization was shown to attenuate the development of colitis [68] . Its anti-inflammatory properties are likely not limited to effects on the intestinal mucosa, as demonstrated by a study using monocyte-derived macrophages from children with Crohn's disease (both with active disease and in remission). It was found that L. reuteri suppressed TNF-alpha and MCP-1 release from activated cells, leading the authors to suggest that L. reuteri may decrease inflammation by suppressing both monocyte and macrophage chemotaxis and cellular activation. Further mechanistic investigations revealed that, unlike other lactobacilli [23, 69] , L. reuteri achieved suppression of TNF-alpha release through the suppression of c-Jun phosphorylation and AP-1 activation rather than through inhibition of NF-kappaB -in fact, NF-kappaB activity appeared to be unaffected [70] . It is interesting to note that, in contrast, the same group did report suppression of TNF-alpha-induced NF-kappaB activation by L. reuteri in a different type of cell (human myeloid cells), which in this case led to increased cellular apoptosis; these effects were mediated at least in part through inhibition of ubiquitination of the inhibitor of NF-kappaB (IkappaB-alpha) and through MAPK signaling [71] .
Under anaerobic growth conditions, Lactobacillus reuteri produces a potent antimicrobial compound called reuterin, which is a β-hydroxypropionaldehyde derivative of glycerol. This compound exerts broad-spectrum antimicrobial activity against multiple pathogenic intestinal bacteria. Several human-derived strains of L. reuteri tested for their ability to inhibit growth of enterohemorrhagic E. coli (EHEC), enterotoxigenic E. coli (ETEC), Salmonella enterica, Shigella sonnei and Vibrio cholerae were all able to inhibit growth of the intestinal pathogens but to varying degrees, indicating some strains are more effective than others [72] . In addition, the antimicrobial capacity of the L. reuteri strains did not always correlate with their level of reuterin production, indicating that other as-yet-unidentified antimicrobial factors may be synthesized by these bacteria.
Saccharomyces Boulardii: A Probiotic Yeast
A yeast distantly related to Saccharomyces cerevisiae (Brewer's yeast), Saccharomyces boulardii is one of the few microorganisms commonly used as a probiotic which is not of bacterial origin. It was first described in the 1920's by the microbiologist Henri Boulard, who isolated the yeast from the skins of lychee nuts from his travels in Indochina [73] . The yeast, which now bears his name, is a substrain of Saccharomyces cerevisiae, has an optimal growth temperature of 37° C and survives passage through all levels of the GI tract. It does not permanently colonize the colon, however, and kinetic studies indicate that it disappears within 5 days of discontinuing administration [74] .
Clinical Evidence
Several clinical trials of S. boulardii have demonstrated its efficacy in the prevention of antibiotic-associated diarrhea and in treating recurrent Clostridium difficile-associated disease [73, 75, [77] [78] [79] [80] [81] [82] . Clostridium difficile-associated disease, or CDAD, is caused by Clostridium difficile, a toxin-producing bacteria which usually results in a diarrheal illness. When severe, CDAD can cause colitis which can be life-threatening and even fatal. A risk factor for acquiring CDAD is antimicrobial use, and CDAD accounts for 15-25% of antibiotic-associated diarrhea [83] . Many people receive treatment for CDAD, experience multiple relapses and never completely clear their infection. S. boulardii has been shown in several studies to provide clinical benefit in ameliorating antibiotic-associated diarrhea as well as to improve the eradication of recurrent C. difficile colitis [78] [79] [80] [81] . S. boulardii has been shown to decrease recurrent C. difficile disease, especially when administered in combination with high-dose vancomycin [82] . Some suggest that S. boulardii may decrease CDAD recurrences by up to 50% [84] .
Although a promising probiotic candidate for the treatment of AAD and recurrent CDAD, experts recommend that caution be used with this probiotic. There have been several reports of fungemia associated with S. boulardii use, and there is even a report of a hospital outbreak of Saccharomyces boulardii bloodstream infections occurring in three patients who did not actually receive the probiotic, but who shared the same hospital ward as other patients who had received S. boulardii [85] . Therefore, concerns have been raised about the safety of administering this live yeast as a probiotic, especially in the elderly, the very ill and in immunocompromised patient populations [86, 87] .
Basic Science
Saccharomyces boulardii has some interesting properties: it adheres well to epithelial cells throughout all levels of the gastrointestinal tract, and it produces a protease which can cleave C. difficile toxins A and B [88, 89] . In addition, S. boulardii administration in rodent models stimulates secretory IgA and induces a specific IgA immune response to C. difficile toxin A [90, 91] . This has particularly important implications for the treatment of CDAD, because evidence suggests that IgA titers are protective against the toxin [92] .
It has been demonstrated that S. boulardii protects and preserves epithelial barrier function in the setting of EPEC infection and decreases the extent of bacterial invasion and translocation [76] . Our own studies have shown that heat-inactivated media taken from cultures of S. boulardii protects epithelial cells in vitro against the injurious effects of C. difficile toxin A on barrier function. Intestinal epithelial cells were grown on transwell permeable supports and pretreated overnight with heat-inactivated S. boulardii CM prior to addition of 100ng/ml of C. difficile toxin A to the apical compartment. TER measurements were then taken using an EVOM chopstick voltohmmeter one hour prior to addition of toxin and then at intervals after toxin addition as indicated (Fig. (2) ). The cells pretreated with S. boulardii CM displayed less loss of barrier function than controls, suggesting that S. boulardii may synthesize and secrete additional, yet-to-be-identified factors which protect intestinal epithelial cells against injury.
Conclusions
Although more clinical trials are needed, what we know to date indicates that probiotics are useful for certain clinical indications (e.g. VSL#3 for pouchitis, E. coli Nissle for some subsets of UC patients, LGG and L. reuteri for rotavirus diarrhea, S. boulardii for certain subsets of C. difficile disease, LGG and S. boulardii for antibiotic-associated diarrhea, etc). It can also be seen that, in addition to differences in clinical use and composition, probiotics vary in their proposed mechanisms of action. Nonetheless, many of them seem to have cytoprotective (induction of heat shock protein, mucin expression) as well as anti-inflammatory effects (often by affecting the same inflammatory pathways but at different steps -see Fig. (3) ). There is an urgent need to better define their appropriate clinical use, especially as probiotics are not always benign [87, 93] . There are many reports of probiotics causing infections, and in particular there is an increased risk of invasive infection in patients with indwelling intravenous catheters [86, 94] . Probiotic use can even turn deadly: in one clinical trial examining probiotics for pancreatitis, the trial had to be stopped early because the probiotic group actually fared much worse [95] . There were 24 deaths in the probiotic group and 9 in the control group, and 9 cases of bowel ischemia reported in the probiotic group, whereas none were seen in the control group [95] . The results of this trial provide a good illustration of how we still do not entirely understand the complex mechanisms of action of probiotics, and of the urgent need to better determine the scientific basis for their function. This clinical trial used rigorously-tested probiotics, so it is not difficult to imagine the additional potential dangers lurking in probiotics of inadequately controlled quality [8, 96] . Fortunately, probiotic use is generally safe and it shows much promise for clinical efficacy in many gastrointestinal disorders, but we still have a long way to go. Ongoing research in this area, and a better understanding of host-microbial interactions through ongoing research on the human microbiome [1, 97, 98] , will undoubtedly lead to further advances in this important field of Gl research. Human intestinal Caco2 Bbe cells were grown to confluence in monolayers on transwell supports. S. boulardii conditioned media (SB-CM) was boiled for 10 minutes and then added to the apical (AP) and basolateral (BL) sides (1:10) and allowed to incubate overnight (boiled media was used as control). C. difficile toxin A (kind gift of Dr. C. Pothoulakis) was then added to the apical side of the cells and the transepithelial resistance of the monolayers was measured every 30 minutes for 120 minutes with a chopstick voltohmmeter. Schematic of the experimental design is shown on the left. SB-CM protected the intestinal epithelial barrier function, with only 17% loss of barrier function recorded after 120 minutes as compared to 69% loss of barrier function noted in the C. difficile toxin A-treated group that received control media only (n=3, error bars calculated as S.E.M.)
